e Brucella abortus is an intracellular pathogen that uses a crafty strategy to invade and proliferate within host cells, but the distinct signaling pathways associated with phagocytic mechanisms of B. abortus remain unclear. The present study was performed to test the hypothesis that Toll-like receptor 4 (TLR4)-linked signaling interacting with Janus kinase 2 (JAK2) plays an essential role in B. abortus phagocytosis by macrophages. The effects of TLR4-JAK2 signaling on B. abortus phagocytosis in murine macrophage RAW 264.7 cells were observed through an infection assay and confocal microscopy. We determined that the uptake of B. abortus was negatively affected by the dysfunction of TLR4 and JAK2. F-actin polymerization detected by flow cytometry and F-actin assay was amplified for B. abortus entry, whereas that event was attenuated by the disruption of TLR4 and JAK2. Importantly, JAK2 phosphorylation and actin skeleton reorganization were suppressed immediately after B. abortus infection in bone marrow-derived macrophages (BMDMs) from TLR4 ؊/؊ mice, showing the cooperation of JAK2 with TLR4. Furthermore, small GTPase Cdc42 participated in the intermediate pathway of TLR4-JAK2 signaling on B. abortus phagocytosis. Consequently, TLR4-associated JAK2 activation in the early cellular signaling events plays a pivotal role in B. abortus-induced phagocytic processes in macrophages, implying the pathogenic significance of JAK2-mediated entry. Here, we elucidate that this specific phagocytic mechanism of B. abortus might provide achievable strategies for inhibiting B. abortus invasion.
B
rucella species are Gram-negative, facultative intracellular bacteria that cause abortion and infertility in many domestic and wild mammals and a disease known as undulant fever in humans (1) . These bacteria invade and replicate within professional and nonprofessional phagocytes, suggesting that Brucella undergoes many interactions with host cells (2) (3) (4) . The virulence associated with bacterial invasion and chronic infections by Brucella are assumed to be due to their ability to evade the killing mechanisms within macrophages (2, 5) , but the molecular mechanisms by which Brucella survives within phagocytes are incompletely understood.
Phagocytosis is a critical step for a successful immune reaction against microbial pathogens, because it provokes both degradation of pathogens and the subsequent presentation of pathogen peptide antigens. Ligation of various phagocytic receptors, such as Fc gamma receptors or complement receptor 3, activates a series of intracellular signal transductions that induce dynamic and rapid rearrangement of the actin cytoskeleton, which is essential for phagocytic uptake (6) . An early study established that M cells, macrophages, and neutrophils ingest Brucella by zipper-like phagocytosis (7) . It has also been determined that Brucella invades macrophages through lipid raft microdomains (8) . F-actin polymerization is implicated in the phagocytosis of Brucella in both epithelial cells and macrophages (9) (10) (11) .
Toll-like receptors (TLRs) are part of a skillful system that detects invasion by microbial pathogens. Recognition of microbial components by TLRs triggers signaling pathways that promote the expression of genes and regulate innate immune responses (12) . It has been reported that B. abortus signals through TLR2 and TLR4, but TLR2 plays no role in controlling the infection (3, 13, 14) . Ligation of TLR4 promotes the activation of complex signaling pathways, including mitogen-acti-functions, including phagocytosis (23) . Nevertheless, the downstream signaling cascades subsequent to the entry of B. abortus into epithelial cells (3, 9) and murine macrophages (24) have not been fully elucidated.
The stimulation of TLRs activates multiple signaling pathways, but information on how distinct signaling pathways are associated with the TLR-mediated phagocytosis of Brucella is still limited. The objective of this study was to address the novel phagocytic mechanism of B. abortus involved in intracellular signal pathways. In the current study, we suggest that the activation of JAK2 via TLR4 is required for the internalization of viable B. abortus and is accompanied by enhanced actin polymerization. Notably, our findings underscore the importance of a complex interplay between TLR4 and JAK2 as signaling platforms for B. abortus in a way that favors its invasion. Collectively, we clarified the phagocytic mechanism of B. abortus, implying that the pathogenic significance of receptor-mediated entry is linked with the specific cellular signaling events.
MATERIALS AND METHODS

Mice. TLR4 mutants (TLR4
Ϫ/Ϫ ; HeJ) and wild-type mice (WT; HeSlc) on a C3H background were obtained from Japan SLC, Inc. (Makoto Yanabe). All experimental protocols in this study were reviewed and approved by the Institutional Animal Care and Use Committee and performed according to the National Institutes of Health guidelines (permit number GNU-120423-M0013). Bone marrow-derived macrophages (BMDMs) from female C3H mice were prepared as described previously (25) .
Cells and culture conditions. Murine macrophage RAW 264.7 cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA) and grown at 37°C in a 5% CO 2 atmosphere in RPMI 1640 (Gibco, Carlsbad, CA) containing 10% heat-inactivated fetal bovine serum (FBS), 2 mM L -glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin (all provided by Gibco). BMDMs and RAW 264.7 cells were seeded (1 ϫ 10 5 cells/well) in cell culture plates and incubated for 24 h before infection for all assays.
Transfection of siRNA specific for JAK2 and TLR4. For silencing of mouse JAK2 and TLR4 expression, RAW 264.7 cells were transfected with a pool of short interfering RNA (siRNA)-specific JAK2 and TLR4 (Santa Cruz, Santa Cruz, CA), wherein siRNA products generally consist of pools of three to five target-specific, 19-to 25-nucleotide (nt) siRNAs designed to knock down gene expression, using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. As a control, control-siRNA duplexes were transfected in parallel into cells. The optimal concentration (50 nM) of siRNA for JAK2 and TLR4 silencing was confirmed by reverse transcription-PCR (RT-PCR) of mouse JAK2 and TLR4 mRNA. For the RT-PCR analysis, 1 g of mRNA isolated from cultured murine macrophages was reverse transcribed into cDNA by using 0.5 g of oligo(dT) primers (Promega) and 200 U of Superscript II reverse transcriptase (Gibco-BRL, Life Technologies) at 45°C for 50 min and then at 95°C for 4 min. The cDNA was amplified by PCR using the specific murine primers for the following: mouse JAK2 (GenBank accession no. L16956 and L16956.1), 5=-TTTCAGAGCTGTCATCCGT G-3= (forward) and 5=-CTTTCCCCTGGCTCCTTTAC (reverse); mouse TLR4 (GenBank accession no. AF110133 and AF110133.1), 5=-AGCAGA GGAGAAAGCATCTAT-3= (forward) and 5=-GGTTTAGGCCCCAGAG TTTTG-3= (reverse). The PCR was conducted in 30 incubation cycles of 1 min at 94°C, 1 min at 60°C, and 1 min at 72°C. The amplified DNA products were electrophoresed on a 2% agarose gel, and the band densities were quantified using an image analyzer. The housekeeping gene encoding mouse ␤-actin served as an internal control for sample loading and mRNA integrity.
Bacterial strains and culture conditions. The Brucella abortus strain was derived from 544 (ATCC 23448), a smooth, virulent B. abortus biovar 1 strain. The B. abortus organisms were maintained as frozen glycerol stocks (80% [vol/vol] glycerol) at Ϫ70°C. In all experiments, the contents of freshly thawed vials were cultured in Brucella broth (Becton, Dickinson, Franklin Lakes, NJ) or Brucella broth containing 1.5% agar without antibiotics for 3 days at 37°C with aeration. Bacteria were grown at 37°C with vigorous shaking until they reached the stationary phase, and bacteria were suspended in phosphate-buffered saline (PBS). Viable counting was measured by plating serial dilutions on Brucella agar.
Lipopolysaccharide (LPS) from Escherichia coli (0111:B4), purified by phenol extraction, was obtained from Sigma (St. Louis, MO) and reconstituted by adding sterile culture medium to 1 mg/ml of stock concentration. The reconstituted product was further diluted to desired working concentrations using the same medium.
Bacterial internalization and intracellular replication assay. To determine internalization of bacteria, macrophage cells were infected with B. abortus as described previously (8) . Prior to infection, cells were washed three times and replaced with new media without antibiotics, and then bacteria were deposited onto cells at a multiplicity of infection (MOI) of 10, centrifuged at 150 ϫ g at 22°C for 10 min, and incubated at 37°C in 5% CO 2 for 0, 15, and 30 min. Cells were washed once with medium and then incubated with RPMI 1640 containing 10% fetal bovine serum (FBS) with gentamicin (30 g/ml) for 30 min to kill any remaining extracellular and adherent bacteria. For evaluation of viable bacteria at different periods of time, infected cells were washed three times with PBS and then lysed with distilled water so that resultant cell lysates contained only internalized bacteria. The serial dilutions of cell lysates were carried out for accurate colony counts, and the last dilution was spread on Brucella agar plates. The number of viable internalized bacteria was evaluated by CFU, which were determined by serial dilutions on plates. To determine intracellular replication of bacteria, the infected cells were incubated at 37°C for 1 h, and the media were replaced with RPMI 1640 containing 10% FBS and gentamicin (30 g/ml) and then incubated for 2, 24, and 48 h. The cell washing, lysis, and plating procedures were the same as those for the detection of bacterial uptake efficiency. All assays were conducted in triplicate and repeated at least three times on different days.
Immunofluorescence microscopy. Macrophages were cultured in 12-well plates with 18-mm-diameter glass coverslips (10 5 cells/well) for 24 h before the infection. Cells were infected with unconjugated or Alexa Fluor 405 (Molecular Probes, Eugene, OR)-conjugated B. abortus. To monitor bacterial infection within 5 min, samples were fixed and then permeabilized with 0.1% Triton X-100 for 10 min at 22°C. After 30 min of incubation with a blocking buffer (2% goat serum in PBS), the preparations were stained with different antibodies in blocking buffer for 1 h at 37°C. For staining of F-actin, cells were incubated with 0.1 M rhodamine-phalloidin (Cytoskeleton, Inc., Denver, CO) for 30 min at 22°C. For staining of internalized bacteria, fixed cells on coverslips were stained as previously described (8) . For detection of intracellular proteins, localized and internalized B. abortus cells were incubated with phospho-JAK2 (Tyr1007/1008; Abcam, Cambridge, United Kingdom) and then fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Sigma-Aldrich, St. Louis, MO). Finally, preparations were washed and mounted with fluorescent mounting medium (DakoCytomation, Glostrup, Denmark). Fluorescence images were collected with an Olympus FV1000 laser-scanning confocal microscope. Images were processed with Adobe Photoshop and NIH ImageJ software.
Immunoblot analysis. The cultured cells in 6-well plates were infected with B. abortus for the indicated times. Cells were then washed twice with ice-cold PBS and lysed in ice-cold lysis buffer for 30 min at 4°C. Protein concentration was determined by Bradford protein assay (Bio-Rad, Richmond, CA). Samples were separated by SDS-PAGE and electrically transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA). Blots were blocked for 1 h with 5% (wt/vol) bovine serum albumin in TBS-T (20 mM Tris-HCl, 150 mM NaCl, Tween 0.1%, pH 7.4) and proved by phosphospecific antibodies against JAK2, ERK1/2, p38␣ (Thr180/Tyr182; Cell Signaling), JNK (Thr183/Tyr185; Cell Signaling), PI3K, and AKT (Ser473; Cell Signaling). Pan-specific antibodies and ␤-actin antibody were obtained by Cell Signaling and applied on stripped blots to verify that equivalent amounts of proteins were loaded per lane. The binding of primary antibody was visualized using horseradish peroxidase (HRP)-conjugated anti-rabbit IgG and anti-mouse IgG secondary antibodies (Sigma-Aldrich) and then was detected by ECL (Amersham, Little Chalfont, United Kingdom). The immunoblot ECL signals were quantified using NIH Image J software.
Determination of Cdc42 activation by pull-down GST assay. The recombinant glutathione S-transferase (GST)-tagged PBD fusion protein was expressed from a derivative pGEX-2T plasmid (obtained from Gary M. Bokoch, Scripps Research Institute) (26) . Escherichia coli BL21 cells transformed with the GST-tagged PBD construct were grown at 37°C. Expression of recombinant protein was induced by addition of 0.1 mM isopropylthiogalactoside (IPTG) for 2 h and later was purified. The ProFound pull-down GST assay (Pierce, Rockford) was conducted according to the manufacturer's instructions. Samples were resolved on SDS-PAGE, and pulled-down GTP-bound forms of Cdc42 were detected by Western blot analysis using anti-Cdc42 antibodies and visualized using ECL.
FACS assay for F-actin. To evaluate the relative content of F-actin in B. abortus-infected cells, we performed fluorescence-activated cell sorter (FACS) assay for F-actin as previously described (27) . In brief, cells (1.5 ϫ 10 6 cells/ml) were harvested and fixed with 4% (wt/vol) paraformaldehyde at room temperature for 30 min. They were then permeabilized and stained with 20 g/ml lysophosphatidylcholine (Sigma-Aldrich) containing 1 M tetramethyl rhodamine isothiocyanate (TRITC)-phalloidin (Sigma-Aldrich). After centrifugation at 300 ϫ g and 4°C for 5 min, cells were washed with PBS and their F-actin content quantified by FACS analysis using a FACSCalibur flow cytometer (Becton, Dickinson, Mountain View, CA). Data were collected as log-scaled fluorescence histograms from 10,000 cells, and the average F-actin content of a population was expressed as the mean of the fluorescence intensity. Experiments were performed in duplicate and repeated at least three times.
Statistical analysis. The data are expressed as the means Ϯ standard deviations (SD) for the replicate experiments. Statistical analysis was carried on using GraphPad-Prism software, version 4.00 (Graphpad Software, Inc., San Diego, CA). Student's t test or one-way analysis of variance (ANOVA), followed by the Newman-Keuls test, were used to make a statistical comparison between the groups. Results of P Ͻ 0.05 were considered statistically significant differences. Asterisks in figures (*, **, and ***) denote P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.001, respectively.
RESULTS
TLR4 signaling promotes internalization of B. abortus into macrophages. It has been reported previously that TLR4 mediates cellular responses to Gram-negative bacteria, especially the LPS of Gram-negative bacteria (28) (29) (30) . We investigated whether TLR4 affects the phagocytosis of B. abortus. The internalization of B. abortus into RAW 264.7 cells was significantly inhibited by the neutralization of TLR4 with blocking antibody (MTS510) compared to that for the control (Fig. 1A) . The knockdown of TLR4 using 50 nM TLR4-siRNA in RAW 264.7 cells (Fig. 1B) also decreased the uptake of B. abortus (Fig. 1C) . In addition, BMDMs from TLR4 Ϫ/Ϫ mice led to a remarkably diminished uptake of B. abortus compared to that of the WT (Fig. 1D) .
TLR4 is an essential sensor and signal transducer for LPS, which is one of the strongest immunostimulatory components of Gram-negative bacteria (12, 31, 32) . Thus, we hypothesized that stimulation of TLR4 with LPS alters the uptake of B. abortus. RAW 264.7 cells were stimulated with various concentrations (50 to 200 ng/ml) of E. coli LPS for 30 min prior to B. abortus infection. LPS preincubation elicited a small (1.3-fold) but statistically significant increase in uptake of B. abortus (Fig. 1E ). Additionally, we tested whether the reduction of B. abortus uptake by the inhibition of TLR4 was changed by stimulation with LPS. In contrast to the significant increase of B. abortus uptake by LPS stimulation in WT cells, the reduced uptake of B. abortus in TLR4-deficient cells was rarely altered by LPS stimulation (Fig. 1F) .
Moreover, we investigated whether the attenuation of B. abortus uptake by TLR4 blocking is involved in the intracellular replication of bacteria. As a result, the numbers of intracellular bacteria in TLR4-neutralized cells and TLR4 knockdown cells were lower than those of the control, but the patterns of intracellular replication in both cell types were similar to those of the control (see Fig.  S1 in supplemental material).
JAK2-associated signaling pathways are required for B. abortus internalization into macrophages. Previous studies have shown that JAK2 signaling pathways are associated with the triggering receptor expressed on myeloid cells 1 (TREM-1), an activating receptor that interacts with the TLR4/LPS-receptor complex through its engagement upon LPS stimulation in eliciting various host defenses, including phagocytosis (33, 34) . Nevertheless, JAK2 signaling events that contribute to bacterial engulfment and the engagement of their phagocytic receptor are less explored. The activation of JAK2 was reduced by 35.42% after cells pretreated with a specific JAK2 inhibitor, AG490 (75 M), were infected with B. abortus for 5 min ( Fig. 2A and B) .
Because LPS stimulation induces the JAK2 signaling pathways (33-35), we investigated whether LPS stimulation could supplement JAK2 activation during B. abortus phagocytosis. As shown in Fig. 2A and B, in contrast to the increased intensity of JAK2 activation by LPS stimulation in control cells (activation increased by 31.22% at 5 min), the diminished JAK2 phosphorylation in JAK2-inactivated cells was not reversed by LPS stimulation (recovery values of 3.20%).
To assess the effect of JAK2 on the phagocytosis of B. abortus, RAW 264.7 cells were pretreated with different concentrations (1 to 75 M) of AG490 and then infected with B. abortus. The inhibition of JAK2 activation notably decreased the uptake of B. abortus in a dose-dependent manner compared to untreated cells (Fig.  2C) . Additionally, when the role of JAK2 in the uptake of B. abortus was assessed using JAK2-siRNA (Fig. 2D) , JAK2 knockdown also significantly reduced (2.2-, 1.4-, and 1.5-fold changes at 0, 15, and 30 min, respectively) the uptake of B. abortus (Fig. 2E) .
In addition, LPS (100 ng/ml) stimulation increased (1.4-, 1.3-, and 1.3-fold changes at 0, 15, and 30 min, respectively) B. abortus uptake in control cells but did not change the B. abortus uptake in JAK2 (75 M)-inactivated cells (1.1-, 1.1-, and 1.0-fold changes at 0, 15, and 30 min, respectively), indicating that the decline of B. abortus uptake by JAK2 inhibition is seldom recovered by LPS stimulation.
Activation of Cdc42 in B. abortus internalization into macrophage is TLR4-dependent. An earlier report had shown that Cdc42 is directly activated by virulent B. abortus (9) . In the present study, we evaluated whether the activation of Cdc42 accounts for TLR4-associated phagocytosis of B. abortus. The knockdown of TLR4 in RAW 264.7 cells showed a prominent reduction in the activation of Cdc42, which was substantially enhanced by B. abortus infection (Fig. 3) . These findings demonstrated that the activation of small GTPase, especially Cdc42, is TLR4 dependent for the uptake of B. abortus into macrophage cells.
The activation of intracellular JAK2-associated signaling pathways plays an essential role in the internalization of B. abortus by macrophages. MAPKs (ERK1/2, p38␣, and JNK) cooperate with the TLR and JAK2 signaling pathways, which are triggered by various extracellular stimuli (36, 37) . In addition, pathogen-associated PI3K activation has been demonstrated to be necessary for induction of phagocytosis (38) . To address the notion that the activations of JAK2 and downstream proteins are involved in the uptake of B. abortus by macrophages, we analyzed the induction of the phosphorylation of JAK2 and downstream signaling proteins, including MAPKs and PI3K-AKT, following B. abortus infection. B. abortus infection resulted in the enhanced phosphorylation of JAK2 and downstream target proteins (Fig. 4A) . B. abortus-induced activation of JAK2 was reduced by 34.11 and 39.50% at 5 and 15 min postinfection (p.i.), respectively, in JAK2 inhibitor-pretreated cells compared to the control (see Fig. S2A in supplemental material), and those of downstream proteins were correspondingly decreased by JAK2 inhibition.
Furthermore, the abrogation of TLR4 suppressed the phosphorylation of JAK2 (by 27.17% at 5 min and 9.19% at 15 min) and downstream proteins compared to the normal condition of TLR4 ( Fig. 4C ; also see Fig. S2C in supplemental material) . Additionally, LPS stimulation induced the enhancement of the phosphorylation of JAK2 and downstream proteins in RAW 264.7 cells ( Fig. 4B ; also see Fig. S2B ). However, in contrast to the increased activation of JAK2 by LPS stimulation in control cells, diminished BMDMs (F). Bacterial internalization efficiency was determined by evaluating the log 10 CFU. Data represent the means Ϯ SD of triplicate trials from three independent experiments. Statistically significant differences from the untreated samples are indicated by asterisks (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001).
JAK2 phosphorylation in TLR4-deficient cells (a recovery of 0.69%) was not reversed by LPS stimulation ( Fig. 4D ; also see Fig.  S2D ). AK2 signaling pathways cooperate with TLR4 in phagocytosis of B. abortus by macrophages through enhancing actin polymerization. Because previous studies have shown that TLR4 participates in the phagocytosis of bacteria (28, 39, 40) , we determined whether the phagocytosis of B. abortus by macrophages through F-actin polymerization is mediated by TLR4. B. abortusinduced F-actin polymerization was diminished in TLR4 Ϫ/Ϫ BMDMs compared to WT levels (Fig. 5A) . We also evaluated whether stimulating TLR4 with E. coli LPS affects F-actin polymerization during B. abortus uptake. Both the reorganization of F-actin and the colocalization of B. abortus with F-actin were remarkably amplified by E. coli LPS. As an additional approach to confirm the role of JAK2 activation in B. abortus phagocytosis, we further examined the redistribution of cytosolic JAK2 and its colocalization with F-actin in B. abortus-infected macrophages. The results showed that B. abortus-induced F-actin polymerization and redistribution of cytosolic JAK2 were weakened in TLR4 Ϫ/Ϫ BMDMs compared to those of the WT (Fig. 5B) . On the basis of the result that the activation of JAK2 promoted the uptake of B. abortus by macrophages, we hypothesized that the same event affects the reorganization of the actin cytoskeleton. The observation revealed that B. abortus-augmented F-actin polymerization during uptake was weakened by the disruption of JAK2 (Fig. 5C) . Furthermore, the redistribution of activated JAK2 and the colocalization of JAK2 with F-actin were reduced in cells treated with AG490 compared to those of control cells.
In F-actin fluorescence intensity, the deficiency of TLR4 resulted in a significant decline of up to 1.66-fold (TLR4 Ϫ/Ϫ ) and 1.62-fold (TLR4-siRNA) changes at 0 min p.i. and 1.44-fold The immunoblot ECL signals were quantified using NIH Image J software and the densitometry ratios of phosphor signal to pan-specific signal. (C to E) Bacterial internalization was assessed in AG490-pretreated RAW 264.7 cells (1 to 75 M) (C) or JAK2-siRNA-transfected RAW 264.7 cells under optimal conditions of transfection for the indicated times (D and E). Data represent the means Ϯ SD of triplicate trials from three independent experiments. Statistically significant differences from the untreated samples are indicated by asterisks (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001).
(TLR4 Ϫ/Ϫ ) and 1.72-fold (TLR4-siRNA) changes at 15 min p.i., as well as the inhibition of JAK2 (Fig. 6D to F) , with up to 1.37-and 1.52-fold changes at 0 and 15 min p.i., respectively, for comparisons of B. abortus-infected control cells but not noninfected cells. Moreover, F-actin fluorescence intensity in cells stimulated with E. coli LPS also showed a significantly increased value, up to a 2.19-fold change in WT BMDMs compared to the level for untreated cells and a slightly, but not significantly, increased value, up to 1.13-fold, in TLR4 Ϫ/Ϫ cells (Fig. 6A to C) .
DISCUSSION
TLR signaling and phagocytosis are attributes of macrophage-mediated innate immune responses to bacterial infection. Following direct pathogen uptake, TLRs play critical roles in activating signal transduction pathways, including the JAK2, p38␣, ERK1/2, and PI3K pathways, leading to the activation of inflammatory target genes (12, 35, 41) . Here, we investigated the interaction of B. abortus with TLR4 as well as the correlation between phagocytosis of B. abortus and signal transduction in macrophages, focusing on the intracellular JAK2-associated signaling. Hence, we expected to determine the impact of the distinct signaling pathways associated with TLR4/JAK2 on phagocytic mechanisms of Brucella. Some studies have revealed that TLR4 is important for Brucella uptake and cellular responses in macrophages (14, 24) . In this study, we showed that the internalization of B. abortus is strongly suppressed by the disruption of TLR4. The role of TLR4 in the pathogenic mechanisms of B. abortus to establish chronic infection in macrophages is still a controversial subject. Some reports demonstrated that the TLR4 mutant mice (C3H/HeJ) had enhanced susceptibility to virulent B. abortus compared to the control (24, 42) , while other authors observed the independence of TLR4 in host resistance against infection with B. abortus S19 and S2308 (43, 44) . Furthermore, a TLR4-dependent production of proinflammatory cytokines elicited by the outer membrane protein 16 (OMP16) of B. abortus has been verified recently (45) . In our study, we examined the effect of TLR4 blocking on B. abortus uptake and the involvement of the intracellular replication of bacteria in cultured murine macrophages. The results showed that the blocking of TLR4 in cultured macrophages caused no changes in the patterns of intracellular replication of B. abortus over a longer time period (24 to 48 h) compared to the control, while TLR4-blocked cells allowed the numbers of intracellular bacteria to diminish. We suggested that TLR4 has a more important role in bacterial internalization than in intracellular replication at the stage of pathogenicity of B. abortus. Although mice are not natural Brucella hosts, they have been widely used in brucellosis research, and different strains may vary in their responses to Brucella infection (46, 47) . There have been some contradictory results, and conclusions were due to different genetic backgrounds of TLR4 knockout mice used in several studies for the involvement of TLR4 in the host resistance to infection by B. abortus. (24, (42) (43) (44) . The genetic background of TLR4 knockout mice (C3H/HeJ) used in our study is that of C3H mice, which is the same as the one used by two groups that demonstrated the prominent involvement of TLR4 in B. abortus infection (24, 42) ; correspondingly, we suggest a role for this receptor as a receptor and signal initiator for B. abortus internalization. Meanwhile, other groups that described the inability of TLR4 to control B. abortus infection used a different mouse strain (C57BL/6 mice) (43, 44) , and we believe that the differences between the mouse strains contribute to the differences in the results.
After ligand-induced receptor oligomerization, the local aggregation of JAKs and their subsequent activation induces signal transduction events (17, 19) . Because JAK2 can be a crucial target of intracellular signaling transduction that is triggered by the phagocytosis of bacteria, we attempted to examine the possible role of JAK2 as a trigger of TLR4-mediated phagocytosis following B. abortus infection. We first found that activation of JAK2 was induced by B. abortus infection, and the inhibition of JAK2 prevented the internalization of B. abortus by macrophages. Thus, these results confirmed that JAK2 is required for the internalization of B. abortus by macrophages.
Recent studies have demonstrated a linkage of TLR signaling with bacteria phagocytosis (28, 40) , which is promoted by the rearrangement of F-actin. The role of TLR4 in cytoskeleton reorganization has been previously determined by using macrophages from TLR4 Ϫ/Ϫ or WT mice that were stimulated with E. coli LPS (48). In the present study, we determined that the induction of phagocytosis and F-actin reorganization caused by viable B. abortus infection was mediated by both TLR4 and JAK2 signaling. Fluorescence microscopy revealed that the colocalization of Factin and activated JAK2 were increased and redistributed to the sites of filopodia and lamellipodia and the cytoplasm during B. abortus phagocytosis. In contrast, the inhibition of TLR4 and JAK2 markedly attenuated F-actin polymerization and JAK2 redistribution, resulting in the reduction of B. abortus phagocytosis. These findings suggest that the TLR4-dependent sensing of B. abortus is linked with intracellular JAK2 activation, contributing to an increase in actin polymerization and assisting the entry of B. abortus into macrophages. Although the mechanisms of TLR4-mediated F-actin reorganization remain hypothetical, we thought that it could be associated with the activation of JAK2 in B. abortus-infected macrophages. By interacting with cytoskeletal regulators, such as the small GTPases of the Rho subfamily, intracellular and extracellular bacteria, such as Salmonella, Shigella, Listeria, Neisseria, Yersinia, and Escherichia, have advanced effective ways to evoke cytoskeletal rearrangements (49) (50) (51) . It has been reported that the mechanism by which the signals from TLR4 influence the phagocytosis of bacteria is the activation of GTPases regulating TLR-mediated phagocytosis through actin assembly (41) . Furthermore, available evidence indicates that the Rho subfamily GTPases are associated with the receptor-mediated JAK2 signaling events (52) . Together with previous evidence, our result clearly revealed that TLR4-mediated phagocytosis of B. abortus is involved in the activation of Cdc42 GTPase. Accordingly, we suggest that TLR4 cooperated with JAK2 signaling during the phagocytosis of B. abortus into macrophage, which may have contributed to the activation of GTPases as signal linkage mediators between TLR4 and JAK2.
In signal transduction studies on activated macrophages, the stimulation of surface TLR4 induces an intracellular JAK2 phos- phorylation cascade, which marks the initiation of diverse cellular responses (35, 53) . We observed that entry of B. abortus into macrophages induced a rapid rise of phosphorylation of JAK2, PI3K, and MAPKs (ERK1/2, p38␣, and JNK), while interfering with JAK2 suppressed these events. In the case of viable B. abortus cells as TLR4 ligands, the phosphorylation of JAK2 in TLR4 Ϫ/Ϫ macrophages was reduced compared to that of the WT, which enhanced the phosphorylation of JAK2 upon B. abortus uptake. These data principally are in accord with the molecular mechanism by which activated JAK2 transduces extracellular signals via TLR4 (35) .
Consequently, we propose that B. abortus induces an elaborate intracellular signal for phagocytosis via TLR4. It is likely that the interaction of B. abortus with TLR4 induces the activation of F) , or E. coli LPS-stimulated cells (A to F) were stained with 1 M TRITC-phalloidin at the indicated times p.i. and subjected to the FACS analysis for F-actin content. The values are means Ϯ SD of triplicate trials from three independent experiments. Statistically significant differences with untreated control are indicated by asterisks (*, P Ͻ 0.05; **, P Ͻ 0.01).
JAK2, and the subsequent activation of PI3K and MAPKs promotes actin polymerization that helps the phagocytosis of B. abortus by macrophages (Fig. 7) . To the best of our knowledge, this is the first demonstration of TLR4-linked JAK2 involvement in the early cellular cascade signaling events associated with the phagocytic process, implying the pathogenic significance of JAK2-mediated entry and that the interaction of viable B. abortus with macrophages is dependent on TLR4-mediated intracellular JAK2 signaling. Importantly, from the viewpoint of the mechanistic entry route correlated with the pathogen's virulence, this work indicates that the cooperation of TLR4 with JAK2 in microbial virulence contributes to the possibility for receptor/kinase-oriented strategies as a means to counteract bacterial infection. Furthermore, this specific phagocytic mechanism of B. abortus could provide new insights into novel approaches to establish the receptorpathogen interaction and signal transduction in host cells infected by intracellular pathogens.
